Performance of grid-tied PV facilities based on real data in Spain: Central inverter versus string system by Diez Mediavilla, Montserrat et al.
Accepted Manuscript
Performance of grid-tied PV facilities based on real data in Spain: central in-
verter versus string system
M. Díez-Mediavilla, M. Isabel Dieste-Velasco, M.C. Rodríguez-Amigo, T.
García-Calderón, C. Alonso-Tristán
PII: S0196-8904(14)00612-8
DOI: http://dx.doi.org/10.1016/j.enconman.2014.06.087
Reference: ECM 6317
To appear in: Energy Conversion and Management
Received Date: 8 May 2014
Accepted Date: 29 June 2014
Please cite this article as: M. Díez-Mediavilla, M. Isabel Dieste-Velasco, M.C. Rodríguez-Amigo, T. García-
Calderón, C. Alonso-Tristán, Performance of grid-tied PV facilities based on real data in Spain: central inverter
versus string system, Energy Conversion and Management (2014), doi: http://dx.doi.org/10.1016/j.enconman.
2014.06.087
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
  
Performance of grid-tied PV facilities based on real data in Spain: 
central inverter versus string system 
M. Díez-Mediavilla(1), M. Isabel Dieste-Velasco(1), M. C. Rodríguez-Amigo(1), T. García-Calderón(1), C. 
Alonso-Tristán(1,*) 
 
(1)Research Group SWIFT (Solar and Wind Feasibility Technologies). Universidad de Burgos. Escuela 
Politécnica Superior. Avda Cantabria s/n. 09006 Burgos. Spain.  
*Corresponding author:  catristan@ubu.es Phone/fax number: +34 947 258925/+34 947 258910. 
 
Abstract 
Two complete years of operation of two grid-tied PV facilities is presented. Energetic and economic 
performance of both installations has been compared. Located in the same place, the installation of these 
facilities followed the same construction criteria -PV panels, panel support system and wiring- and the 
facilities are exposed to the same atmospheric temperature and solar radiation. They differ with regard to 
their inverter topology used: one facility uses a central inverter and the other a string inverter 
configuration. The performance of the facilities has been determined using a procedure based on a small 
number of easily obtained parameters and the knowledge of the analyzed system and its operation mode. 
Electrical losses have been calculated for both systems and a complete comparison between them has 
been carried out. The results have shown better performance for distributed system in economic and 
energetic terms. 
 
1. Introduction 
Research of alternatives energetic resources is mandatory for the foreseeable shortage to 
fossil fuels and problems associated to atmospheric pollution and greenhouse effects 
[1]. While there are different alternatives for the generation of renewable energy, 
photovoltaic (PV) electricity will play a key role in Europe’s electricity mix given its 
competitiveness trajectory [2].  
  
 The world production of PV energy has increased significantly in recent years, 
doubling the production data obtained in 2010 during 2011 [3, 4].  According to the 
European Photovoltaic Industry Association (EPIA), at the end of 2013, PV installed 
power worldwide was approximately 138.9 GW with capacity for production 160 
TWh/year, becoming the third source of renewable energy generation by order of 
importance [5]. In 2013, Europe is the world leading region with more than 81 GW 
installed capacity.  38.4 GW new PV capacity has been installed during 2013 in the 
world, 29% corresponding to Europe. Actually, PV covers 3% of the electricity demand 
and 6% of the peak electricity demand in Europe [5]. 
 
Royal Decree 1578/2008 [6] favoured Spain to experience greater boom of European 
countries with regard to the installation of PV energy during the year 2008 [7]. 
However, in later years the number of new facilities was progressively diminishing and 
Italy and Germany took over in terms of installed PV power. In 2011 Spain was the 
third European country whit 4.4 GW installed PV power, after Italy, with 9284 GW, 
and Germany with 24678 GW [4] PV markets in Europe and around the world 
continued making rapid progress in 2012 toward competitiveness in the electricity 
sector. 
 
 The strong price decreases of PV technology, and increased electricity prices in 
general, have helped drive momentum toward what is often called “grid parity”. In most 
countries, PV market deployment still depends on the political framework in place [8, 9] 
As shown by the substantial regulatory changes introduced by policymakers in several 
countries in 2012, dedicated financial support as the main driver for PV development is 
  
progressively vanishing [10] with a reduction greater than 64% in 2013 over the previous 
year [5]. 
 
In this uncertain scenario, it is mandatory to analyze the functioning of existing systems 
for the most profitable energy production and determine the most favourable conditions 
that lead to more efficient production. Effects of environmental, external conditions or 
its inherent to various technologies of solar panels, as well as the installation itself, 
among others, can affect the optimal operation of the plant [11]. 
 
 Data from owners or maintenance services are very scarce and real PV systems are not 
usually monitored [12]. Measurement systems at most facilities only record total 
production, which is necessary for invoicing the energy that is produced. In some cases, 
data are recorded in the inverter system after the conversion stage. Poor knowledge of 
technical and constructive features and their operational quality affects the visibility and 
image of renewable energy and hinders the optimization and predictive maintenance of 
PV plants that are already up and running. Therefore it is useful to having data taken 
over long periods of time. However, this is not easy to obtain being rare published 
works that collect data from real facilities. 
 
 In this way, our research group has initiated a collaborative project between some 
installation and maintenance companies that provides the real data and the constructive 
details of some real grid-tied PV facilities and some results have been already published 
[8, 12-15].  Factors associated to PV panels quality [12] or the use of transformerless 
inverter or isolated one [15] has been already studied using a procedure developed by 
  
the research group based on a small number of easily obtained parameters and the 
knowledge of the analyzed system and its operation mode. 
 
As new application of the same procedure, in the present work a comparison between 
two PV grid connected systems relative to its operation way as well as production and 
generation costs is made. The facilities are located in the same geographical area and 
have two different topologies concerning their layout. The first of them uses a central 
inverter. The second facility has string inverter configuration. In both cases 
transformerless inverter has been used. The objective is to analyze the influence of the 
main factors that affect the efficiency of both facilities, the layout system, taking into 
account operation data collected over long periods of time. 
 
2. PV system topologies 
Today, PV industry has experienced rapid growth as a result of the improvement in the 
electronic technologies that enable, among other things; develop different topologies of 
inverters increasingly more efficient and reliable. In regards to the configuration of the 
inverters, currently, the European market is dominated by transformerless inverters, 
which are reached very high efficiencies, around 97-98% [16]. 
 
There are different topologies for PV arrays that have a great influence on the energy 
production. The choice of one or another form to connect the PV panels among 
themselves and to the inverter system will be a determining factor on aspects such as the 
use of solar radiation, the shading influence or the mismatch losses [17]. Most used PV 
architectures could be grouped basically in the following four configurations: 
centralized inverters, string inverters, multi-string inverters and AC modules[18]. Other 
  
architectures have been suggested on an experimental basis, but its efficiency has not 
been proved in real grid tied facilities[19]. Medium and large sized facilities, commonly 
used central inverter configuration although distributed systems have some important 
advantages related to a better fit to the optimum point of operation (MPPT) of the 
inverter and the maintenance of the system [20]. 
 
Figure 1 shows main topologies used for PV system layout. In a centralized system 
(Figure 1-a) some PV panels are connected in serial to form a string. The string are 
connected in parallel to a single inverter system[21] The most notable of this type of 
connection advantages are low cost per installed power and its simplicity[22] As 
disadvantage, it should be noted the obligation of working with a single MPPT 
(Maximum Power Point Tracking) for all arrays which leads to a lower yield to changes 
in radiation, the temperature or shading conditions[23] and lower performance of the 
facility[24]. This type of configuration based on centralized inverters can use different 
types of inverters, being the most used in Europe the based on transformessless 
inverters, with a near 80% market share [3]. 
 
Configuration using the string inverters (Figure 1-b), these are not connected together in 
parallel. Each string attaches to its own inverter and therefore will have its own MPPT. 
In this way the strings work independently one from the other mismatching and partial 
shading losses [25]. This layout allows the use of strings with different number of 
modules or even the use of different types of modules. In addition, in the event that a 
inverter fault, this configuration, ensures the continuity of the service. Disadvantage is 
the use of several inverters, which increases the cost of the installation.  
 
  
The multi-string inverter (Figure 1-c) use a DC-DC converter with its own MPPT for 
each string and, finally, the entire system is connected to a single DC-AC converter. 
This system combines the advantages of the mentioned above[25] but the two stages of 
conversion can reduce its efficiency [21]. The AC-module or MIC (Module Integrated 
Converter), shown in Figure 1 (d), integrates the PV-module directly to the inverter, 
minimizing mismatch losses. Used for low-power systems its maintenance is complex 
[25] and in addition, the life service of the installation worsens [21]. 
 
Figure 1.  
 
 
 
3. Description of the facilities 
The case study involves two real grid-tied PV installations (System 1 and System 2) 
located at the centre of the Spanish autonomous region of Castilla y León, at Herrera de 
Valdecañas (Palencia). Geographical coordinates are 41º 59’ N latitude and 4º 24’W 
longitude, and 720 m altitude above sea level. The facilities are located in neighbouring 
plots. They stand on a gentle, south-facing slope that is conducive to natural air 
circulation, one of the most beneficial aspects for improving the panels’ electrical 
production in summer time. Hence, the two facilities are subject to very similar 
environmental conditions, in terms of temperature, radiation, humidity, and wind speed. 
The area benefits from very favourable atmospheric conditions. Solar irradiation is 
estimated at approximately 1,450 Kwh/m2year [26] The ambient temperature range is 
between 4ºC and 20ºC and the number of cloudy days is very low [27] Figures 2 and 3 
show aerial photographs of both installations.  
  
 
Figure 2 
Figure 3 
 
Facilities layout is structured in PV arrays composed by fourteen PV panels serial 
connected. The PV panels at both facilities are FOTONA model 185D in System 1 and 
model 180D [28] and 185D for System 2. Their technical specifications are presented in 
Table 1. A mobile structure adjusts the position of the panels according to the time of 
year, in order to optimize electrical production. Its design also helps to minimize the 
visual impact of the facilities. The maximum height of the panels (1.80 m) usually 
occurs during winter time and they can be lowered at other times of the year, using a 
manual system that can vary their angle of inclination by between 5º and 50°. This 
adjustment is performed every 26 days or so. Figure 4 presents the panel support system 
and Figure 5, its highest and lowest positions. This panel support system is a standard 
fitting in all facilities run by the same company [8, 12, 15].  
 
The inverter systems used are SMA Sunny Central 100 HE[29] for System 1 and SMA 
Sunny Mini Central 9000TL [30] for System 2, both transformerless inverter. Their 
technical specifications are presented also in Table 2. Following the criteria exposed in 
the previous section, System 1 is a central inverter facility and System 2 is a string 
facility, as it can show in Figure 6. 
 
Figure 4 
Figure 5 
Table 1 
  
Table 2 
Figure 6 
 
System 1 is can generate 113.96 kWp using 44 PV arrays of 14 FOTONA model 185D 
PV panels each, grouped in three strings of 15, 15 and 14 arrays respectively. Each 
string has a protection box, containing the protection elements (fuse and a 10 A switch). 
The protection boxes are located in the parcel to minimize wiring losses. The current of 
the strings is conducted to the 100 kWp central inverter thought a 50 mm2 wire. 
Maximum current of each string is 75.3, 75.3 and 70.28 A respectively. 
 
System 2 can generate 56 kWp using 22 PV arrays, each of 14 PV panels: 8 PV arrays 
of 185 Wp and  14 PV arrays of 180 Wp. The string inverter system consists of  6 SMA 
Sunny Mini Central 9000TL, 8 kWp power, 4 inverter that control 4 PV arrays, and 2 
inverters that control the six remaining PV arrays, three each one. This distribution 
permits the inverters of System 2 to work at maximum power. The distribution of power 
by each inverter is shown in Table 3.   
 
4. The Case study Analysis 
4.1. Central inverter vs. distributed system 
The two facilities under study – System 1 and System 2 – are the property of 
SOLARSAN S.L., which provided the to the research group for this case study: data on 
total electric production  measured by the inverter and by the measurement (counter) 
system from both facilities over  two complete year of operation data (November 2011 
to November 2013, 727 days). Daily data recorded in the inverter system after the 
conversion stage are used for this study. Total monthly electrical productions, P (kWh), 
  
of both facilities are presented in Figure 7.  Electrical production of System 2 has been 
calculated as sum of the electrical production recorded in each inverter.  
 
Figure 7 
 
To compare both facilities all data have been reduced to 1 kW since peak power are 
different: data from each system have been divided by its respective peak power, 113.96 
kW for System 1 and 56 kW for System 2. First at all, by adding montly values 
appearing in fig 7 for each year, a total difference of 32.04 kWh/kWP for the first year 
and 28.45 kWh/kWP for the second year are observed between the facilities showing 
better performance for System 2, the string configuration inverter. This is the expected 
result, as the operation of the distributed system with 6 inverters is closer to the MPPT 
result [25]. This fact could be explained by the greater ease of string system to adapt the 
functioning of each inverter to MPPT. In economic terms for a 100 kWp facility with 
distributed layout and applying the usual price [6] for the electrical production that 
means 1421 €/year and about 35000 € for the estimated life of the facility, 25 years. The 
initial investment is about 1500 € up for the centralized system but the maintenance 
costs are higher in the distributed facility due to the number of elements to be inspected.  
However economic losses are lower in case of failure in the distributed system due to 
the low probability of complete stopped.  
 
 A detailed study of the daily production of the system was completed, in order to 
determine whether the observed fact has any seasonal patterns or any relationship to the 
production levels. The proposed procedure involves a comparison that allows us to 
analyse the influence of different parameters on total plant performance, distributing 
  
data production at comparable quantitative intervals. It has previously been applied with 
some success [12, 15] Detailed knowledge of wiring (location and connection of PV 
arrays, length and section of wiring) and of the technical specifications of both the 
inverter and the transformer systems is necessary.  
 
Total daily electrical production of each facility, measured at the inverter system (PI.S.)  
may be calculated from eq. (1):  
inverterDCPVpanelsSI LELEPP ..... −−=                       Eq. 1 
 
where, PPVpanels are the PV electrical production in panels, E.L.DC  the DC wiring losses 
and E.L.inverter the electrical losses in the inverter system. Wiring losses were calculated 
as a function of the wiring and the distance between the panels and the protection boxes, 
and the distance from the protection boxes to the inverter (DC wiring losses), for the 
maximum value of the electrical current flowing from the facilities. As has been 
previously described, wiring lengths and sections, voltage and maximum current in both 
facilities are known. Taking the worst case, ie, the longest length in each facility, E.L.DC 
were calculated considering the Joule effect produced in copper wire (electrical 
conductivity k = 56 ohm/m), with the electrical production for daily reading in the 
inverter system and the voltage for a group of 14 panels. 
 
Applying Eq. (1) to both facilities and subtracting the respective results (System 1 – 
System 2) allows us to study the differences in the qualitative behavior of the items in 
the equation.  
 
∆E.L. inverter=∆PPVpanels-∆PI.S. - ∆E.L.D.C.                                                                                         Eq. 2 
 
  
∆E.L.inverter represents the differences in electrical losses caused by the inverter system: 
a positive value shows lower values of electrical losses in the inverter system and so, 
better performance of distributed system (System 2). ∆PI.S. and ∆PPVpanels represent the 
difference between total electrical production measured by the inverter system and 
produced by the PV panels, respectively and ∆E.L.D.C. represents the calculated 
differences in DC electrical wiring losses. In this case, where panels of both facilities 
are  the same and the plants are located at the same place, PV production should be the 
same, so that the term ∆PPVpanels will be zero. 
 
Electrical DC losses have been calculated for central system considering the worst case 
among the 44 string composing the facility. For the distributed system, same procedure 
has been used for the six inverters of the facility. Results of these calculations have been 
4.09% for central system and 1.89% for the distributed system. Electrical losses for 
System 1 are higher due to the facility layout: two sections must be considered in the 
installation, one between each set of strings and the protection system and the other 
between the protection system and the inverter.  For the distributed system, the strings 
go directly to the inverter system, so lengths are shorter as well the electrical losses. 
Table 4 shows the distribution of positive and negative values of ∆E.L.inverter. The results 
in Table 4 appear to contradict the previously derived conclusions, since the proportion 
of days that the centralized system performs better than the distributed appears greater. 
If the study is repeated classifying ∆E.L.inverter values at regular intervals (Table 5), most 
of the values are in the range of (-0.2, +0.2) kWh/kWp.  For such small values, we 
consider most representative to work with the totals of these values rather than 
individual values, ie: 
∑∆E.L. inverter=∑∆PPVpanels-∑∆PI.S. - ∑∆E.L.D.C.       Eq. 3 
  
 
Applying Eq. 3 to all available values, the following results are obtained:  ∑∆PI.S.=-60.5 
kWh/kWp; ∑∆E.L.D.C.=2.03 kWh/kWp and  ∑∆E.L. inverter=+58.46 kWh/kWp, i.e. 
positive value and so better performance of distributed system.  
 
Table 4 shows that negative values of ∆E.L. inverter, appears in periods of low production 
(winter days), when working slightly away from the MPPT is not decisive for the total 
production. On the other hand, in times of high production, this fact is crucial for the 
proper functioning of the system, since minor deviation from the MPPT lead to major 
losses in the inverter. Figure 8 highlights this conclusion clearly: as production 
increases, better performance of the distributed system is shown.  
 
4.2. Study of string system 
A new study comparing the functioning of the inverters in the string system (System 2) 
was also performed. As previously mentioned, 4 inverters in System 2 control 4 PV 
arrays, each of 14 panels, and a further 2 inverters control three of the PV arrays. Using 
the same procedure as in the previous section - i.e., comparing production data, reduced 
to one kW - the influence of the number of groups connected to the inverter over the 
same production period was studied. As Figure 9 confirms, no significant performance 
differences were found between the inverters working with 4 PV arrays, slightly above 
their capacity, and those working below their peak with 3 PV arrays. 
 
Figure 9 
  
5. Conclusions 
 
  
An analysis of the operation under real conditions of two grid-tied PV plants over two 
years of operation has been completed. Both facilities are located in the same 
geographic area and are subject to similar meteorological conditions. The installations 
were designed following the same criteria: use of the same PV panels and wiring 
criteria, attempting at all times to minimize electrical wiring losses before and after the 
inverter system. The two systems differ with regard to their inverters: one facility uses a 
central inverter and the second plant uses a string inverter configuration. The analysis 
procedure is based on a small number of easily obtained parameters from the 
maintenance company of the facilities: total electrical production, measured in the 
counter and/or in the inverter system and the knowledge of technical characteristics of 
the facilities (PV panels, wiring, inverter system and counter system). 
  
In general, the distributed system outperformed the centralized system, which is mainly 
evident at times of high production, when setting the inverter to its MPPT operation is a 
crucial factor. The MPPT adjustment is quick and simple, as fewer arrays are connected 
to the inverter. When production is low, this parameter is less important and the 
centralized system works better than the multi-string system. Economically, the 
difference in the initial investment for the same installed power is negligible compared 
to the total cost of the installation. For example, for an installation type of 100 kW, the 
difference stands at around €1500. However, the maintenance costs of the string system 
are higher: smaller inverters are less robust and their probability of failure increases, 
although replacements are cheaper and easier to fix and do not necessarily shut down 
the whole installation.  
 
  
In this case study, the difference in production has been estimated at 0.069 kWh/day per 
kWp installed. With the current feed-in tariff system that amounts to a total of €35000 
over the estimated working life of  a 100 kWp facility, which is equal to a plant life of 
approximately 25 years.  
 
Referred to the second study done, about the use of inverters of the distributed system 
slightly above or below its peak power, the results indicate that, for overcapacity factors 
used, the operation did not significantly affected. With respect to the maintenance cost 
no differences have been found and the probability of failure has been the same for all 
cases.  
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Figure 1. PV systems layout: (a) Centralized inverter, (b) String inverter, (c) Multistring 
inverter, (d) AC-module. 
 
  
  
 
 
Figure 2: System 1 facility located at Herrera de Valdecañas (Palencia, Spain) 
 
  
  
 
 
Figure 3: System 2 facility situated at Herrera de Valdecañas (Palencia, Spain) 
  
  
 
 
 
Figure 4: Panel support system 
  
  
 
 
 
 
Figure 5: Highest and lowest positions of PV panels in the support system 
  
Figure 6: Schematic of facilities  
  
 
 
 
Figure 7. Total PV electrical production (kWh) of System 1 and System 2 along the studied 
period. 
  
Figure 8. Number of days with positive and negative values of ∆E.L.inverter, classified in 
intervals of daily production 
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Figure 9. Total Electrical monthly Production, P (kWh/kWp), of inverters of System 2  
   
 
 
  
  
Table 1: Technical specifications of PV panels in use. 
PV panels FOTONA 180W 
FOTONA 
185W 
VPM (V) 36.8 36.8 
IPM   (A) 4.89 5.02 
WP   (W) 180 185 
Performan
ce  
15% 15% 
Tolerance  2-5% 2-5% 
 
 
  
  
Table 2: Case study of the technical specifications of both systems 
 System 1 System 2 
Nº panels 630 308 
Nº groups 44 22 
Vgroup (V) 515.2 515.2 
Power (kW) 113.4 56 
Inverter SMA Sunny  Central 100 HE 
SMA Sunny  
Mini Central 9000TL 
WDC (kW) 103 9 
WP (kW) 115 9.25 
VDC (V) 1000 700 
IDC (A) 235 28 
Nº in DC 3 4/3 
VAC (V) 300 240 
IAC (A) 193 40 
T. range -20,+50 ºC -25,+60 ºC 
Performance 98.5 % 98% 
Trafo info Transformerless Transformerless 
Protection a) IP 44, IP 54 IP 65 
a) from IEC 62052-11:2003.   Electricity metering equipment (AC) - Part 11: Metering equipment 
 
 
  
  
Table 3: Distribution of power between inverters of System 2 
 
Inverter Ner PV arrays Power / kW 
I 3 7.56 
II 3 7.77 
III 4 10.08 
IV 4 10.36 
V 4 10.22 
VI 4 10.08 
 
  
  
Table 4: Number of days with positive and negative values of ∆E.L.inverter throughout the 
studied period.  
 
Jan Feb Mar Ap May Jun Jul Aug Sep Oct Nov Dec Total 
∆E.L.inverter>0 5 6 11 11 20 41 61 58 41 26 11 5 45.8% 
∆E.L.inverter<0 57 51 51 49 42 19 1 4 19 36 45 57 54.2% 
 
  
  
Table 5: Number of days with positive and negative values of ∆E.L.inverter classified in intervals 
of production. 
∆E.L.inverter 
KwH/KwP (-1 , -0.8) (-0.8 , -0.6) (-0.6 , -0.4) (-0.4 , -0.2) (-0.2 , 0) (0 , 0.2) (0.2 , 0,4) (0.4 , 0.6) 
Ner values 1 2 5 52 371 233 55 7 
% 0.13% 0.27% 0.68% 7.16% 51.10% 32.09% 7.57% 0.96% 
 
  
  
 
The operation of two grid-tied PV facilities over a two-year period is presented.  
The central inverter system is compared to the string inverter system. 
A procedure based on a small number of easily obtained parameters is used. 
The string inverter outperforms the central inverter. 
Conclusions of use to maintenance firms and operational facilities are obtained 
 
